It was recently shown that supernormal conduction in the diseased His-Purkinje system is more common than previously thought, and is always associated with prolongation of refractoriness. To assess whether supernormal conduction could also occur in the accessory pathway of patients with ventricular pre-excitation, 21 patients with manifestly prolonged refractoriness in the accessory pathway were studied. Under these conditions, programmed atrial stimulation revealed a phase of supernormal conduction in 16 (76%) of the 21. Therefore, what was believed to be a nonexistent or exceptional physiologic event was shown to be a rather common finding, at least under certain circumstances. Supernormal conduction occurred in all 7 patients with an anterograde refractory period of 480 to 980 ms, and in 5 of 10 patients with a refractory period > 1.0 second or Experimental studies have clearly demonstrated a phase of supernormal conduction in Bachmann's bundle (1) and the His-Purkinje system (2-4) . In contrast, the participation of supernormal conduction in clinical arrhythmias is considered to be uncommon (5-12), modest (13,14) or controversial (15). Recently, however, we showed that a phase of supernormal conduction can be uncovered in a number of patients with intermittent bundle branch block (16) (17) (18) or Mobitz type II second degree atrioventricular (AV) block (17, 19) . In each instance, the supernormal conduction was associated with prolongation of refractoriness in the HisPurkinje system. ©1987 by the American College of Cardiology with no anterograde conduction. Supernormal conduction could not be demonstrated in four patients with a refractory period ::;440 ms, but appeared in all four patients after the refractory period was prolonged by a rapid rate of stimulation or administration of ajmaline.
with no anterograde conduction. Supernormal conduction could not be demonstrated in four patients with a refractory period ::;440 ms, but appeared in all four patients after the refractory period was prolonged by a rapid rate of stimulation or administration of ajmaline.
The electrophysiologic changes underlying the occurrence of supernormal conduction in the accessory pathway are similar to those previously reported for the bundle branch system. The demonstration of supernormal conduction in the accessory pathway may uncover the presence of concealed ventricular pre-excitation. Supernormal conduction over the accessory pathway may facilitate a rapid ventricular response during atrial fibrillation, even if the refractory period is prolonged.
(J Am Coli Cardiol1987; 9:1269-78) Prompted by several unpublished clinical observations, we decided to investigate more systematically the occurrence of supernormal conduction in the accessory pathway of patients with ventricularpre-excitation. A selected group of 2I patients whose refractoryperiod of the accessorypathway was manifestly prolonged was studied. A phase of supernormal conduction was demonstrated in 16 of the 21 patients. The electrophysiologic changes underlying the occurrence of supernormal conduction in the accessory pathway were reasonably well defined, and proved to be similar to those previously reported for the bundle branch system (16) (17) (18) (19) .
Methods
Patient selection. We initially studied 17 patients with a present or past history of intermittent ventricular preexcitation, obviously reflecting a prolonged anterograde refractory period in the accessory pathway (20) (21) (22) (23) . Four patients with a "relatively short" refractory period (300 to 440 ms) were also included. In this group the refractory period was artificially prolonged with the use of ajmaline 0735-1097/87/$3.50 or rapid atrial stimulation . Informed consent was obtained from all 21 patients at the time of study entry .
The main clinical data are described in Table 1 . Nine of the 21 patients were being treated with amiodarone, and I with propranolol. Before entry into the study, 10patients (Case s 8 to 17) had undergone follow-up evaluati ons for 1 to 12 years that included periodic recording of electrocardiograms (ECGs) during bradycardia-inducing maneuvers, with or without the administration of isoproterenol (22) . In this group , we were able to assess change s in the duration of the refractory period, and eventually the conversion from manifest to concealed ventricular pre-excitation. Some of these observations will be mentioned in our Results section .
Assessment of the anterograde refractory peri od of the accessory pathway, In seven patients (Cases I to 3 and 18 to 21 ) in whom ventricular pre-excitation was persistentl y manifest, the refractory period was assessed by programmed atrial extrastimulation (24) delivered to areas close to the accessory pathway (for example , the coronary sinus or right atrium). The anterograde refractory period was defined as the longest A 1A2 interval that resulted in abolition of the ventricular pre-excitation when the SIS2 interval was gradually shortened by 10 ms steps. In five of the seven patients the atria were paced at a fixed cycle length slightly shorter than the sinus cycle length. In the other two patie nts, the extrastimuli were delive red during spontaneous sinus rhythm. The prem ature impulses were introduced after eight sinus or paced beats, at a cycle length slightly shorter than the sinus cycle length .
The extrastimulus method was not applicable in 14 patients who had, at the time of the study, intermittent or inapparent ventric ular pre-excitation. This condi tion reflects the occurrence of conduction block in the accessory pathway, and implies that the refractory period is as long or longer than the spontaneous cycle length. In such circumstances, assessment of the refractory period by atrial extrastimulation would require the heart rate to be kept fixed at a cycle length longer than the refractory period or, as an alternative, that postmature impulses be delivered so as to reach the shortest pp' interval resulting in conduction over the accesso ry pathway . Because this is practically impossible, a different and inevitably less precise approach was utilized . In Patients 4 to 7, whose ventricular pre-excitation was spontaneously intermittent, slight changes in the sinu s rate permitted estimation of the refractory period as the PP interva l that resulted in a shift from conduction to block (or vice versa) , with a reasonable degree of approximation (for example , see the upper strip in Figure I ) . Unfortunately, this was not the case in Patients 8 and 13, in whom restoration of manifest ventricular pre-excitation only occurred after long pauses provoked by carotid sinus massage. Because the duration of such pauses is unavoidably erratic, in these two patients the refractory period was estimated as being longer than the longest PP interval not resulting in The upper strip shows that ventricular pre-excitation was intermittent, and that the refractory period of the accessory pathway measured 860 to 880 ms. A, In each panel, the first beat shows ventricular pre-excitation and is the lastof a series of three to eight beats with the same pattern (as in the first two beats in the upper strip) whereas the second beat results from atrial extrastimulation, at progressively shorter intervals. A phase of supernormal conduction in the accessory pathway occurs at PS intervals of 450 to 570 ms, resulting in manifest ventricular preexcitation well inside the refractory period. In the bottom panel, a PS interval of 440 ms resulted in an atrial depolarization not followed by a ventricular response, indicating conduction block both in theaccessory pathway andthenormal pathway. 8 , Similar sequence to that in A, but the first panel shows a normal QRS interval (as in the last three beats in the upper strip). The supernormal phase now occurs at PS intervals of 620 to 740 ms. The bottomdiagram summarizes theentire study. Blackbars indicate PPor PS intervals thatresulted inconduction block intheaccessory pathway; whitebars correspond to PPor PS intervals thatresulted in manifest ventricular pre-excitation, one inside the refractory period (supernormal phase), and the other after the refractory period is over. The supernormal phase was shifted 170 ms to the right. ventricular pre-excitation, and shorter than the shortest PP interval that did result in ventricular pre-excitation (see Table 2 ). Finally, in Patients 9 to II and 13 to 17, in whom at the time of the study ventricular pre-excitation failed to occur even after very long pauses, the refractory period was estimated as being longer than the longest attainable PP interval. Admittedly, it is not possible to distinguish between an extremely long refractory period and a "complete" anterograde block in the accessory pathway. However, this did not affect the possible occurrence of supernormal conduction, as shown later.
Determination of a supernormal conduction phase.
After the preceding part of the study was completed, the refractory period was scanned by premature atrial stimulation. The premature impulses were introduced at progressively shorter intervals (by 10ms steps) after eight sinus or paced beats at a cycle length slightly shorter than the sinus cycle length, except in Patient 2, in whom the extrastimulus was delivered after three to eight beats with the same pattern of atrioventricular (AV) conduction (pre-excitation or normal pattern of activation). Whether or not a supernormal phase was uncovered, the scanning was continued until the atrial refractory period was reached. Three electrocardiographic leads (I, II and VI) were simultaneously recorded with right atrial, His bundle and coronary sinus or esophageal bipolar electrograms, or both. Different intraatrial recordings were obtained to identify any extraconduction delay in the atrium. The tracings were obtained at a' paper speed of 25 mmls when a conventional electrocardiogram was recorded, and at a paper speed of 25 or 50 mmls when intracavitary recordings were obtained.
A phase of supernormal conduction was defined as a range of A,A 2 (or P,P 2 ) intervals resulting in conduction over the accessory pathway inside the refractory period of the latter. In every study the measurement of either the refractory period or the supernormal conduction phase with the extrastimulus method was assessed at least three times to certify the reproducibility of the findings.
Results
When Patients I to 17 were listed according to the duration of the refractory period in the accessory pathway, an inflection point was found to occur at a duration of approximately 1,000 ms. In Patients I to 7, whose refractory period ranged from 480 to 980 ms (Table 3 ) and was generally shorter than (or similar to) the spontaneous sinus cycle length, ventricular pre-excitation was readily manifest or became apparent with a slight slowing of the heart rate. In contrast, in Patients 8 to 17, whose refractory period ranged from about 1,000 to more than 4,660 ms (Table 2 ) and was usually much longer than the sinus cycle length, ventricular pre-excitation was not manifest. Because the incidence of supernormal conduction was different in both groups, they are analyzed separately, as groups I and II, respectively.
Supernormal conduction over the accessory pathway when ventricular pre-excitation is readily manifest (group I). Figure 2 shows a representative example of the electrophysiologic studies performed in the seven patients of group I. In each panel, the first beat is the last of a series of eight sinus beats at a cycle length of 880 to 900 ms and shows typical ventricular pre-excitation (the QRS configuration suggests fusion between pre-excited and normally excited ventricle), whereas the second beat results from premature atrial stimulation at progressively shorter intervals. When the A,A z interval measured 490 ms, the premature response was conducted over the accessory pathway with a greater degree of ventricular pre-excitation, the latter related to a slowing of conduction in the normal pathway (longer AzH z interval). When the A,A z interval was shortened to 480 ms, block occurred in the accessory pathway and ventricular activation proceeded only through the normal pathway. This marks the limit of the anterograde refractory period in the accessory pathway. A similar response occurred at all A,A z intervals shorter than 480 ms. However, when an A,A z interval of 430 ms was reached, this resulted in conduction over the accessory pathway with an even greater degree of ventricular pre-excitation and the Hz deflection was concealed within the V deflection. This suggests the occurrence of supernormal conduction in the accessory pathway, which persists up to the A,A z interval of 370 ms, with block again occurring at an A,A z interval of 360 ms. The supernormal phase extends from 370 to 430 ms, within a refractory period measuring 480 ms. Essentially similar features were found in all seven patients in group I (Table 3) .
In one of the seven patients (Case 5), scanning of the refractory period was accomplished when the basic rhythm exhibited either ventricular pre-excitation or a normal QRS configuration (Fig. 1) . In this case, ventricular pre-excitation was spontaneously intermittent, and the refractory pe- 16, 1981. In each panel, the first beat is the last of a series of eight sinus beats at a cycle length of 910 to 1,060 ms and shows normal ventricular activation, whereas the second beat results from atrial extrastimulation at progressively shorter intervals. Ventricular activation was normal at A,A 2 intervals of 660 (or longer) and 490 ms (or shorter), and manifest ventricular pre-excitation reflecting a supernormal phase occurred at A,A 2 intervals of 500 to 650 ms. In this patient , supernormal conduction was the only means by which anterograde conduction over the accessory pathway could be restored (see bottom strip in Fig. 4 ). E = bipolar transesophageal recording; S = atrial stimulus artifact. it occurred after a pause of 1,520 ms, and the refractory period was around 1,500 to 1,520 ms. In 1981 , ventricular pre-excitation failed to occurevenaftera pause of 4,340 ms. The entire sequence suggests a progressive prolongation of refractoriness in the accessorypathway, probably terminating incomplete anterograde block . Supernormal conduction over the accessory pathway in the absence of manifest ventricular pre-excitation (group 11). All 10 patients in group II had exhibited manifest ventricular pre-excitation in the past. However , during a followup period of I to 12 years, ventricular pre-excitation disappeared from the ECG or became only apparent after very long pauses induced by vagal stimulation. For all practical purposes , at the time of the study the heart in those patients behaved as if there were concealed ventricular pre-excitation (22) with a greatly or extremely prolonged refractory period or, possibly, a total interruption of anterograde conduction .
Supernormal conduction was demonstrated in 5 of the 10 patients in group 11 ( in 1981, ventricularpre-excitation failed to occur even after pauses as long as 4,340 ms, probably indicating that anterogradeconductionover the accessory pathwaywas totally abolished. However, atrial stimulation at progressively shorter intervals ( Figure 1 , with one difference: because the basic rhythm exhibited a normal QRS configuration (indicating conduction block in the accessory pathway), it must be assumed that the supernormal phase was shifted to the right by an amount approximating the duration of the PR segment plus the QRS interval. Substraction of this amount is required for comparable positioning of the supernormal conduction phase. Concealed retrograde activation of the accessory pathway must obviously occur during the basic rhythm; otherwise, a phase of supernormal conduction could not be "activated. "
In three of the five patients in group II in whom a phase of supernormal conduction was demonstrated (Cases 9, 16
and 17) premature atrial stimulation was the only means by which anterograde conduction over the accessory pathway could be circumstantially restored. In one patient (Case 12) who underwent study at two different cycle lengths, the position of the supernormal phase was shifted 40 ms to the left at the fastest rate.
Supernormal conduction unmasked by prolonging a "short" refractory period. Supernormal conduction was a constant finding in 7 patients with a moderately prolonged refractory period, and occurred in 5 of 10 patients with a refractory period longer than 1.0 second. In marked contrast, supernormal conduction has never been reported to occur in patients with a short refractory period. Therefore, a prolonged refractory period seems to be necessary for a supernormal conduction to occur or to becomeapparent. To test this hypothesis, we studied four patientswith a "short" refractory period, before and after a substantial prolongation was induced by rapid rates of stimulation (unpublished observations) or the administration of ajmaline (25) . In fact, the induced prolongation of refractoriness in the accessory pathway resulted in the appearance of a phase of supernormal conduction in all four patients (Table 4 ). In Case 21 (Fig. 6) , premature atrial stimulation revealed that the refractory period measured 440 ms and that supernormal conduction could not be demonstrated down to the atrial refractory period. However when the study was repeated Figure 6 . Case 21. Induced prolongation of refractoriness resulting in the appearance of supernormal conduction over the accessory pathway. During atrial extrastimulation at a basic cycle length of 600 ms, the basic rhythm exhibited manifest ventricular pre-excitation. A, Control study. The refractory period in the accessory pathway measures 440 ms (the longest A IA2 interval resulting in abolition of ventricular pre-excitation). Supernormal conduction did not occur, down to the atrial refractory period, which measured 210 ms (bottom panel). B, After 2 minutes of atrial overdrive pacing at a rate of IIOlmin, the refractory period measures 480 ms, and supernormal conduction now occurs atA,A 2 intervals of 420 to 450 ms. The His bundle depolarizations are marked by arrows. Abbreviations as in Figure 2. immediately after 2 minutes of atrial overdrive pacing at a rate of 110 beats/min, two notable changes were observed (Fig. 6B) : the refractory period of the accessory pathway was prolonged from 440 to 480 ms, and a short phase of supernormal conduction became apparent whereas none was present in the control study (at A1A z intervals of 420 to 450 ms). A third study (not shown) after 5 minutes of overdrive pacing resulted in a further prolongation of the refractory period to 490 ms, and an expansion of the supernormal conduction phase (at A1.\z intervals of 400 to 470 ms). Among the four patients in whom a prolongation of refractoriness was induced, the prolongation was least in this patient. In this limited number of studies, a prolongation of only 40 to 50 ms sufficed to uncover a phase of supernormal conduction.
Discussion
Twenty years ago, McHenry et al. (26) reported the possible occurrence of supernormal conduction in the accessory pathway of one patient with ventricular pre-excitation; we know of no other reported cases. However, in the present study we found a phase of supernormal conduction in 16 of 21 patients. Therefore, what was believed to be a nonexistent or exceptional physiologic event is for the first time shown to be a rather common finding in patients with an abnormally prolonged anterograde refractory period of the accessory pathway. Such wide departure from previous normal observations demands a careful analysis of conditions in which supernormal conduction can be mimicked by alternative mechanisms.
"True" supernormal conduction in the accessory pathway and other alternative mechanisms. Although we believe that genuine supernormal conduction in the accessory pathway is the most plausible mechanism underlying our findings, several other possible interpretationsshould be discussed.
1) Gap phenomenon. An atrial premature impulse subjected to an extraconduction delay upstream of a depressed segment in the accessory pathway could be conducted unexpectedly through the bypass tract. Obviously, this is not true supernormal conduction (IS). This mechanism has been extensively analyzed (27) (28) (29) (30) in regard to the AV junction and the His-Purkinje system, in which premature impulses must commonly traverse different anatomic structures before arriving at a critically depressed segment. This was not the case in our patients with ventricular pre-excitation in whom premature atrial impulses can be assumed to rapidly reach the accessory pathway and the ventricle because extraconduction delays in the atrium or in the AV conduction through the accessory pathway were not observed. Accordingly, the "unexpected" conduction over the accessory pathway demonstrated in our study can reasonably be assumed to be the expression of a true supernormal conduction, that is, related to a supernormal phase of excitability. Whether conduction velocity during the supernormal phase was or was not faster than during late diastole is impossible to tell. In several cases, conduction during the supernormal phase did cause a greater degree of ventricular pre-excitation (Fig. I) , but in each this could be explained by a slowing of conduction in the normal pathway during the premature impulse.
2) Changes in the stimulating electrotonic input. If the electrotonic input provided by a premature impulse is larger than that produced by later impulses (31), conduction over a depressed accessory pathway might conceivably occur during a restricted interval in early diastole, without a supernormal phase being present. However, this possibility would leave unexplained the shift of the supernormal phase when changing from anterograde to retrograde activation of the accessory pathway (Fig. 2) , and seems therefore unlikely.
3) Phase 3 and phase 4 block in the accessory pathway. In eight of our patients a relatively early and narrow range of conduction through the accessory pathway was found to be flanked by two zones of block and not followed by restoration of conduction (Table 3) , suggesting the possible occurrence of phase 3 and phase 4 block (20, 32) . However, previous recordings from these patients as well as the entire follow-up failed to demonstrate the presence of phase 4 block in the accessory pathway, making this possibility rather unlikely.
4) Spontaneous shortening of the refractory period in the accessory pathway. It has been demonstrated (22, 23) that the refractory period of the accessory pathways can be considerably shortened by endogenous or exogenous catecholamines. Therefore, a transiently enhanced sympathetic tone could give rise to unexpected conduction over the bypass tract during the scanning of the refractory period by premature impulses. Yet, this possibility may be reasonably excluded taking into account the reproducibility of findings in this study.
Supernormal conduction and refractoriness in the accessory pathway. In our study, supernormal conduction was associated with a prolonged refractory period or an interruption of anterograde conduction in the accessory pathway, or both, and this was palpably true in the four patients with a short refractory period in whom an induced prolongation of refractoriness resulted in the appearance of supernormal conduction. In all four cases, the temporal position of the newly appearing supernormal phase corresponded closely to the closure of the previously short refractory period. These observations raise a very intriguing and relevant question. Does a supernormal phase preexist when the refractory period is short? And if so, why does it only unfold when refractoriness is manifestly prolonged? Unfortunately, a direct study of the electrophysiologic properties of an accessory pathway is virtually impossible (23) , and any answer to our question can only be a matter of speculation. Supernormal conduction described in Bachmann's bundle (I) and Purkinje fibers (2-4) occurs at the very end of the refractory period, which is in all cases normal in duration and probably coincident with action potential duration. In these experimental studies conduction delay or block was never demonstrated to occur after the supernormal phase. Conversely, in our clinical cases as well as in segmentally depressed Purkinje fibers (in vitro studies) (33) , the refractory period was abnormally prolonged and the supernormal phase was followed by a period of block.
Supernormal conduction occurred in five ofnine patients receiving amiodarone. In those cases the presence of a supernormal phase could have been related to a prolongation of refractoriness induced by the drug (34, 35) . However, the fact that supernormal conduction occurred in patients not receiving this drug, and failed to occur in others who did receive it, suggests that the role played by amiodarone in our study was not decisive.
Supernormal conduction in the accessory pathway and the His-Purkinje system. Supernormal conduction in the accessory pathway was essentially similar to the supernormal conduction previously reported to occur in the HisPurkinje system (16) (17) (18) (19) . In both, the following features were observed: I) a prolonged refractory period; 2) a relatively constant position of the supernormal phase, close to the end of the T wave of the surface electrocardiogram; 3) a similar rate dependency, the supernormal phase shifting to the right at slow rates and to the left at fast rates; 4) conduction block causing a rightward shift in the position of the supernormal phase, as a result of concealed retrograde activation of the depressed segment; 5) 2: I supernormal conduction (not described in this article, but observed in four patients) that was readily induced at appropriately rapid rates (36); 6) a supernormal phase of similar duration; 7) a "supernormal QRS" interval similar to that occurring late in diastole; and 8) a supernormal phase that could be elicited by an induced prolongation of refractoriness. There was, however, a difference: supernormal conduction was much more frequent in our cases of ventricular pre-excitation. The reason for this difference may be quite simple. In patients with ventricular pre-excitation, the premature atrial impulses delivered to uncover the supernormal phase have a more direct and rapid access to the accessory pathway. In contrast, in patients with a diseased His-Purkinje system, the premature impulses are more likely to suffer conduction delays in the atrioventricular node, which may prevent them from reaching the target fascicle as early as needed to uncover the supernormal phase.
Supernormal conduction in manifest versus concealed ventricular pre-excitation: the role of concealed retrograde activation. In five of the seven patients in group I, as well as in three of the patients in whom a prolongation of refractoriness in the accessory pathway was artificially induced, supernormal conduction was exposed when the basic rhythm showed manifest ventricular pre-excitation. It is obvious that the accessory pathway was successfully traversed in the anterograde direction, and that this provided the activation process after which the supernormal phase was to occur. However, supernormal conduction was equally demonstrated during the occurrence of anterograde block in the accessory pathway in 5 of the 10 patients in group II as well as in 2 patients of group I and in an additional patient in whom a prolongation of refractoriness was induced by the administration of ajmaline. Because a supernormal phase can occur only in the wake of an excitatory process, we must assume that in all those cases the anterograde block was followed by concealed retrograde activation of the accessory pathway, through the impulse coming down the normal pathway. Retrograde conduction over the accessory pathway was actually documented in Cases 9, 16 and 17 during episodes of reciprocating tachycardia, and was implicated in the rightward shift of the supernormal phase which occurred in Case 5 when anterograde block occurred in the accessory pathway (Fig. 1) . Unidirectional block has commonly been reported to occur in patients with concealed ventricular pre-excitation (37) (38) (39) (40) (41) . The absence of supernormal conduction in 5 of the 10 patients in group II might then have been related to an unsuccessful retrograde activation, probably because of a more advanced stage of the process which had already resulted in anterograde block. It is obvious that if both anterograde and retrograde conduction fail to occur, the accessory pathway would no longer be in operation (22) and supernormal conduction would also be abolished.
Limitations of the study. Direct stimulation and recording from the anomalous pathway would have been the best approach to validate our interpretation of the observed phenomena. Unfortunately, reiterated attempts to accomplish it were unsuccessful. Mapping-guided stimulation and recordings from the anomalous pathway while performing bypass tract surgery could facilitate the direct electrophysiologic study of the anomalous pathway which, in tum, might confirm the hypothesis advanced in this study.
Clinical implications. In some of our patients, supernormal conduction was the only mechanism by which a depressed or absent anterograde conduction over the accessory pathway could be circumstantially restored, and this has an obvious diagnostic connotation. The diagnosis of concealed ventricular pre-excitation usually requires complex invasive studies aimed at documenting the occurrence of retrograde conduction over an anterogradely nonconducting accessory pathway (37) (38) (39) (40) (41) . However, the demonstration of supernormal conduction by premature atrial stimulation may prove to be, at least in some cases, a more direct and rapid means of revealing that an accessory path-way is present and that anterograde conduction (and manifest ventricular pre-excitation) is still possible, although only during the supernormal phase.
It has been assumed that a prolonged refractory period in the accessory pathway protects against the potentially dangerous rapid ventricular rate that may occur in patients with ventricular pre-excitation and atrial fibrillation (42) . However, this may not necessarily be so if supernormal conduction is a latent possibility. An extremely rapid ventricular response may in fact result from conduction during the supernormal phase (unpublished observations). Because even apparently complete interruption of anterograde conduction may not lend absolute protection, the possible existence of supernormal conduction should be investigated in all such cases, and, if present, appropriate preventive therapy should be prescribed.
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